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THE INFRARED SPECTRA OF CARBOHYDRATES 

ABSTRACT 

Ir.i seeking improved methods for analyzing nitrate esters of carbo- 
hydrates,including nitrocelluiosej which are-helpful inpropellant composi- 
tions and for identifying decomposition products, the possibility of using 
Infrared spectroscopy for this purpose was investigated. The spectra of 
a number of carbohydrates and their derivatives wer-e obtainedi The 
changes in the infrared spectra that accompany the thermal decomposition 
and the burning at low pressure of nitrocellulose are shown. The inter- 
pretation of these spectra is in agreement with information obtained by 
chemical methods. 

JpfitTArw^.\fj**?"*^(»•££•, ?.^i • 
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BALLISTIC  RESEARCH   LABORATORIES 

THE INFRARED SPECTRA OF CARBOHYDRATES 

The relatively slow decomposition which nitrocellulose undergoes at temperatures of about 100 C, 

and the burning of nitrocellulose at low pressures have engaged the attention of this laboratory for some 

time.  Di each of these problems, considerable difficulty has been experienced in devising analytical pro- 

cedures to measure the chemical changes that ensue. Since infrared spectroscopy has been found to be a 

valuable analytical tool.in other fields of chemistry, an attempt has been made to appraise its usefulness 

for studying sugars and cellulose derivatives.  Although this report is concerned with problems of analysis 

and Identification, information relating to the molecular structure of the compounds studied can also be 

obtained. 

The spectra of a large number of carbohydrates and their derivatives have been obtained with, a 

Bal-rd infra-red spectrometer.  In most cases the substances were purified by re-crystallization until the 

melting point was constant.  Substances which did not crystallize were measured by squeezing the viscous 

liquid between two rock salt or silver chloride plates.  The technique used to prepare the samples of the 

crystalline substances was to dissolve them in a solvent- such as water or methanol, and to put about 2 ml 

of the solution on a silver -chloride Window and evaporate to dryness in a vacuum oven.  Samples prepared 

in this manner frequently give curves containing very broad and poorly resolved bands.  Much sharper and 

better resolved bands were obtained when the solid sample was finely ground in mineral oil by rubbing with 

a muller on a ground glass plate. A comparison of the curves obtained by these tWo methods of preparing 

Ahe sample is shown in Curve 1.  The mineral oil has strong C-H bands at about 3.5 and 7 microns, b"t in 

the regions more -interesting to the-carboydrate Chemist, around 6 and beyond. .7.2 microns it is quite trans- 

parent.  Each curve is marked with a symbol which indicates how the sample was prepared; "g" indicates 

that it was ground in mineral oil and "e" indicates that it was evaporated on the window from solution. The 

letter in brackets indicates the solvent used: W - water, C - chloroform, A - methar.ol, and P - pyridine. 

Each curve is numbered and the index for the curves is given in Table H.  Curve 2 of glucose is typical of 

the sugar spectrunu  There is a very strong band at about 3.1 microns due to the O-H stretching frequency, 

and in the region of 9 to .10 microns there are several closeiy spaced bands which are probably due to C -C 

and. C.-O vibrations.  The effect of various functional groups whiclrthe carbohydrate chemist frequently en- 

counters upon the spectrum is illustrated in the next four curves. Glucurcnic acid,. Curve 3, shows a very 

strong band at 5.6 to 5.8 microns* which is due to the C-0 of the carboxyl group;  Closer examination shows 

.that'this, is actually two-bands ahdit may be-that the 5.6. band is due to a lactorie carbonyl and that the 5,8 

^band-is-duetq the carbonyl.in äv-free..cä$Dracyl: group;. Glueal -triacetate;. jC.itt^"e.4}.-tesnQ'f-i!ee:.hydrö3^.1|, 

•hence the 0;-H;band-.at 3;I microns; ,1s missing.  The cärböhyl band due to the acetate 'group's- ägäin> shows up 

"strongly and- a new band ät '6;05 microns appears, which is, due to the ethylene-gr oup. The str öfig- •band'at 

8-to.8.2 microns is characteristic of esters. The oxidation-öf many sugars with periodäte results •Ln.a 

cleavage of the carbon chain and the newly formed primary carbon atoms' appear as aldehyde groups. Curve 

5 Is for the-oxidation product of alpha methyl glucoside, Which has the structure CH9ÖH-GH(CHO)'-0- 

CHOCH„(CHO) and it shows the band due to the C-0 of the aldehyde group at about 6.2 microns.  The nitrate 

bands show up very clearly in Curve 6 at 5.9, 7.7, and 11.8 microns. The assignment of these bands to 

the various functional groups has been done empirically and is the result of the study of a large number of 
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curves;.. The itreatment^^ 

•Below about 8 microns the strhctoaUyisomeric sugars show the-saine absorption•bands, hence 

we have omitted this portion öf the spectrum in the subsequent curves. The differences, between these close- 

ly related compounds appear beyond 8 microns.. 

An examination of the curves shows that each compound has its own characteristic set of absorption 

bands and, except in one special case which will be discussed shortly, no two curves are identical.  Da some 

cases the bands are not as strong and do not show up as clearly as might be desired;  This is generally due 

to a large amount of scattering of the incident light by the crystals of the sample, which results in a lack 

of contrast between the light which is absorbed and that which is transmitted.  In the glycoside series the 

difference between the anomeric forms shows up very nicely.  Thus the alpha methyl glucoside can be 

readily distinguished from the beta methyl glucoside (Curves 36 and 37), and in the methyl galactosides the 

alpha is again different from the beta compound (Curves 34 and 35).  In the series of esters there is an 

interesting group of compounds consisting of the alpha acetates of glucose, cellobiose, cellötriöse, and 

cellotetrose.  hi this polymeric homologous series (Curves 38 - 41), the monomer, the dlmer and the trimer 

can be distinguished from, each ether. However, between the trimer and the tetramer there is very little 

difference,, and between the tetramer and pehtamer, which is not shown, there is |iö distinguishable differ- 

ence.  Apparently it is impossible to resolve the broad bands of the trl- and higher saccharldes with our 

spectrometer, and any difference in detail which may exist between these spectra is invisible. The differ- 

ence between the spectra of anomeric forms is again seen from a comparison of the curves for the alpha 

and beta forms of glucose pentaaeetate (Curves 38 and 42) and for the two forms of methyl glucoside tetra- 

acetate (Curves- 43.-and 44)i 

For mono- and di-saccharides, and for their derivatives, infra-red spectra may serve as a very 

useful tool for the determination of the presence of various functional groups for establishing the identity 

of the compound and for determining the presence of impurities.  It has the advantage over other physical 

measurements such as melting point or optical rotation in that the spectrum is unique for each compound. 

Only a small sample is required, 15 mg, for evaporated films, and somewhat more for grinding in mineral 

oil, and the sample may be recovered.  For this method to be useful for Identification purposes'it is neces- 

sary that the worker have at his disposal as complete a collection of curves of pure sugars as possible, and 

it is with this in mind that;the accompanying curves were reproduced. The spectrum of any sugar is 

strongly influenced by the introduction of substituents. A comparison of the spectra of a series of deriva^ 

tlves, of T, given sugar reveals, no band örarrangement of bands.which is characteristiCof theparticular 

sugar. For'tlils reason-it.hasinct-bgcn-fpimäpössibie.tqldenttfy ä substiMedisugar by a.comparison of."its 

spectrum wlththat ,of the cör.r«sppndfog;^ It .seem likely that a -pölysacchartde 

can be Identified by comparison of its spectrum withthespecträöfthe mohosacchartdes.of.whtchitis;c 

Curves 73: 'to.- 79 give the spectra ofi various' cellulose derivatives, The bands in-the short wave- 

length end, of the spectrum characteristic of the various functional, groups show up> very nicely but 'the bands' 

corresponding to the C-C and C-Q frequencies  in the region of about 9-10 microns are very 

broad, as was the case with the tetrasaccharlde discussed above.  Curve 73 for nitrocellulose shows ä 

'Barnes et al., infra-red Spectroscopy, Relnhold Publishing Co, (1944) 
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weak'.OrH;bancL,at 3 .microns .due to :the fact that the cellulose is/hpti completely nitrated, ä C-H-bänd at,Si4Ö- 

and nitrate bands at 6.0, 7.8, 12, 13.3 and 14.3 microns-.  Cellulose was oxidized withNOk to polyglücuronie 

.acid which-was. then nitrated.. Curve 74 shows the spectrum of this nitrated polygiücuronicacid which has. 

the new band due to the C=0 of thecarboxyl group at 5.75 microns. A commercial sample of methyl cellu- 

lose is shown in Curve 75.  It too shows a band of 5.7 microns indicating the presence of carboxyl groups 

which must have been formed by oxidation of the cellulose in the manufacturing process.  In the curve for 

cellulose-6-trityl ether the aromatic C-H band appears at 3.3 microns, and several bands due to benzene 

rings at 6.3, 6.65 and in the region of 13 and 14 microns can be seen. 

A comparison of the infrared spectra of. nitrocellulose and two of its decomposition products is 

shown in Fig. 1. When nitrocellulose is heated at about 130 C a slow decomposition takes place and after 

about a day the material shows a new absorption band at about 5.7 microns which is due to the presence 

of the car.boxyl group.  This is the same band that appears in the polyglücuronie acid which is obtained 

when cellulose is: oxidized' with.NO„ (see Curve 74).  It is also apparent that the ratio of the intensities 

.of the OH to. CH bands at about 3 and 3.5 microns respectively is greater in the heated material than in 

the original which indicates that new ÖH groups were formed or that CH groups have disappeared.  The 

White solid decomposition product that is obtained when nitrocellulose is burned at a pressure of about 

1 mm shows aninfrared curve which has even stronger OH and C=0 bands than the heated material and 

Which has a new band at about 6.2 microns.  This band is tentatively assigned to the C=0 of an aldehyde 

group. As previously stated, such groups are produced in carbohydrates by oxidation with periodic 

acidj however the physical properties of the product obtained from the oxidation of cellulose with this rea- 

gent are such that ho satisfactory infrared curve could be obtained. The evidence that, this band is due to the 

cäfbonyl group was obtained by oxidizing alpha methyl glucoside with periodic acid to give a compound con- 

taining aldehyde groups and.showing a new band at 6.2 microns (see Curve 5). These findings are in agree- 

ment with the results obtained by chemical methods by Professor Wolfrom and coworkers at Ohio State 

University. 

To determine the possibility of using the infra-red spectrum for the quantitative determination of a 

functional.group - in this case the nitrate group - we obtained the curves for several different nitrocel- 

luloses of known-nitrate content.  Using the equation for Beer's law, 

log I/I = kcd 

whe^e; I"  and .rare the-ihtehsitie^.-öf kisihe-extinction co= 

ef f icieht,_ c is the-concentration, and-d" the thickness of the sample, we attempted" to see-if "k is, constant. 

Since c has.been.deter.mm'ed.by ^ method, d cah.be measured', and' log ijicäa be obtained 

from the height of the absorption bandthe equation can be solved for k. if.k'is known foragiyen absorption 

bandj, and has been found to be constant,, then, we can Use this value of k.for the analysis of an unknown, and 

solve the equation for c.  To secure good accuracy the absorption band should be of such strength that 30 

to 70 percent of the light is absorbed.  The nitrate band at 6 microns is so strong that even for very thin 

films it showed.almost complete absorption.  The O-H band at 3 microns is much weaker and more satis- 

factory for our purpose; furthermore, it has the advantage that for highly nitrated celluloses small differ - 

'it 

m 
9* 
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.ehces-in,nitrate content rare accompanied-by relatively large differences in percent of OH.  Knowing the OH 

content", the nitrate-content can ••of- coürse^be "readily •calculated;. EUms pf'siich'thictoessas tö give>the OH- 

bänd ah absorption of about 50 percent were us'edi  It was found that the value of k was-not constant and one 

of the reasons for the lac:- of constancy is the difficulty of accurately measuring the.film thickness,, d, 

especially since the films are generally not of uniform thickness. To circumvent this difficulty we used 

the -ratio of the OH and CH bands.  H we Write the Beer's law equation fpr the OH band and for the CH band 

dog V^H    k0HÖÖHd 

ClogIo/I)CH-keHcCHd II 

&* V%H k*c0H   where k* = k0H/kCH cCH  m 

and if we divide the equationf or the OH band by the equation for the CH band, we get a new equation II in 

which the d's cancel, and which can be simplified to give equation HI if we assume that c      is independent 

of the nitrate content which is probably not too bad an-assumption since the number of CH-bonds per mole- 

cule is independent-of tr a number of nitrate groups.   The scattered radiation was corrected for by taking as the. 

value of I  not 100 bnf ehe percent of light transmitted at a wavelength at which the nitrocellulose has no 

absorption band, namely 2.7 microns.  The nitrocellulose films were made by evaporation of ethyl acetate 

solutions.  To remove the solvent completely the films were dried for 48 hours in a vacuum oven at 50 C; 

however, the curves showed a strong band at 5.7 microns, indicating that solvent was still present.  By 

soaking the films for several hours in ether or in water and then drying again, the curves obtained no longer 

showed the cärbonyl band.  It is quite possible, that the ether- and the water are also retained by the film but 

they are not readily detected from the infra-red curves.  It was found that soaking the film in hexahe and 

drying did not result in the removal, of the ethyl acetate.  The results from eight different samples are given 

in Table I. These films were soaked in ether.  The variation in K*' which amounts tö about 8 percent is pro- 

bably due to the variation in the amount of solvent retained by the films.  The nitrate group can be deter- 

mined quite conveniently by chemical methods, but for groups which cannot be determined conveniently by 

chemical methods the spectroscopic method may be advantageous. 

SUMMARY 

The infrared spectra of a- number of- carbohydrates and derivatives thereof have been obtained. 

rAnöiiieric änd; epimeräc forms are readily dirtlnguishäble.  Functional groups are1 easily -recognized. The 

äppearänee-of- new functional j^Dups^&oih'-ilie"th^•äl-decöiäposition..äM -the burning; at low pressure   of 

•nitjbceUuloseV'lS'demSrKteatedi ,A method for thejqu^titätivedeterminat.iqn: of nitrate, groups ih nitföc'eiW 

'li4'Qse.-hä;sib@en.devfei'qp"ed;, .. '..."". •-.... 

Thetauthpr is indebted to Professor,Ms L* Wplfröm, öf Ohio-State University,, for supplying most of. 

the sugar samples, and to the fouPont Company for "the nitr.oceliiJ.ose samples. 

n K/^JL^ 
Lester P. Kuhn 
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TABLE I 

Determination of Extinction Coefficient 

Etel 

Sample 
^V^QH 

N # OH groups          (I/I) H   (Io/I)        lQg(IG/l)ÖH    log(yi)CH iögtiT^ 
Per glucose Unit - _  u CH 

5 10.87 1.065 

9 11.35 .   ,925 

3 11.88 .77 

4 11.96 .75 

6 12.60 .555 

10 ' 12.6> .53 

2 13.4 .28 

8 13.4 .28 

7.9/19.5 79/25 .607 

80.5/22 80.5/25 .562 

82/33 82/26 .398 

86/34.4 86/27.8 .394 

75/42.5 75/31.5 .267 

88/64.3 88/52 .137 

83/68' 83/42.2 .086 

78.5/60 78.5/31.5 .117 

.500 

.505 

.490 

.490 

.433 

.228 

.292 

.396 

1.21 1.13 

1.11 1.05 

.814 1.07 

.805 1.07 

.617 1.11 

.60.3 .1,13 

.294 1.05 

.295 1.05 

«©"-• 

/•' 

H 
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Curve 
.No. 

1- 

2 

3 

4 

5 

10 

11 

12 

13 

14. 

15 

16 

17 

13 

19 

20 

21 

22 

23 

24 

25 

26 

27 

23 

29 

. 30 

31 

,32: 

.33 

34 

„35 

ß6 

37 

38 

39 

40 

TABLE n 

-Index of-Absorption ( 

Compound' 

D-Männose 

D-Glucose 

D-Glucurontc Acid 

D-Glucai 3, 4, 6-Triacetate 

Methcxy formyl methyl 1- formyl 2- hyroxy ethyl ether 

Sucrose Octanltrate 

D-Rlbo?e 

L-Arabinose 

D-Xylose 

D-Galactose 

alpha D-Glucose 

L-Sorbo_se 

L-Rhamnöse 

L-Fucose 

Maltose 

Melllbios 

Cellobiose 

Trehalose 

D-Lactose 

Raffmose 

Erythrltcl— 

Xylitol 

Mannltol 

Sorbltol 

Fucltol 

l-Inosltol 

Duloltol 

Arablno Laotone — 

D-Glucono delta-Lactone 

Methyl alpha Methyl D-Galacturonostde 

Alpha. D-Glucönoheptonolactöhe 

.Methyi'beta pycylosT.de 

-Methyl alpKajp^Mannosiae 

Methyl' alpha D-GalaetpsidejEko 

:Methyl'-betä.p.rGälafetoslde 

Methyl alpha pxslucoside 

Methyl beta D-Glucoslde 

alpha D-Glucose Pentaacetate 

alpha Cellobiose Octaacetate 

alpha Cellotrlose Undecaactetate 

Curve 
-No.. 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

70 

7i 

'72' 

73 

•74/ 

75 

76" 

77 

78 

79 

Compound 

alpha Cellotetraose Quatradecaacetate 

beta D-Glucose Pentaacetate 

Methyl alpha D-Glucoslde Tetraacetate 

Methyl'beta D-Glucoside Tetraacetate 

Methyl beta D Galactoside Tetraacetate 

Levoglucosan Triacetate 

Alpha L-Arabinose Tetraacetate 

Sorbltol Hexaacetate 

Mannttol Hexaacetate 

3-Methyl D-Glucose Tetraacetate 

Lactose Octaacetate 

D-Galactose Dlmethylacetal Pentaacetate 

D-Galactose Diethylmercaptal Pentaacetate 

L-Rhamnose Diethylmercaptal Tetraacetate 

D-Glucose Diethylmercaptal Pentabenzoäte 

3-Methyl Glucose Teträbenzoate 

3-Methyl D-Glucose 

2, 3, 4, 6-Tetramethyl D-Galactose 

2, 3, 4, 6-Tetramethyl DfGlucose 

2, 3, 4, 6-Tetramelhyl D-Mannose 

Methyl tetramethyl D-Glucoside 

Methyl tetramethyl alpha D-Mannoside 

Methyl 2, 3, 6,trlethyl beta D-Glucoside 

Levöglucosan 

D-Galactose Cxime 

D-Mannose Oxime 

L-Rhamnose Dlethyta.ercaptal 

D-Ga)actose Diethylmercaptal 

Diacetone D-Glucose 

Mohoacetope D-Glucose 

D-Glucosamljie Hydrochlörlde 

:Tfrf!'~.-Ar.'d- 

Nitrocellulose 

-CeUulöse Oxidized.witfcNÖgiand'Nitr'ated. 

Meüiyl Cellulose 

Cellulose Acetate 

Trltyl Cellulose 

6-Trltyl.2, 3-Dlphenylurethane Cellulose 

6-Trityl Cellulose Acetate 

S". 

L 

i-**«**'««!, -A**VM*fi- 
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Wave Numbers in cm 
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Wave Numbers in cm 
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Wave Numbers in cm 
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Wave Numbers in cm 

1 1 
1200 

1 I 1 1 
IOO 

1, 1 , 1.1 
IOOO 

Lll 11 
900 

1 , I 1 . 1 1 1 

soo 
1 I 1 i 1 

700 

1 1 i 
1 
1 

~ : 

V •^ 

/ ̂  P ' 
\ f ~\ ( ( 1 

\ j 
1 

- 

o f \ r V, 
j r S k 
/ p r i_t \ J I v 

V 

\ 

1 

I \ 
1 \ (i 

1 u \ 
-   \ - - 

p 0" •^J ̂ -» 
;     i V. r\ / V 
1     1 

W|- i~ - 
'-=.—~. -; -"- - - -v.-: „J — .- : • — 2? 

1     i • 

... z~H -.—'. - -- ' -\ -- -- r.~ •^EE EE =51 -- .- '-'- _". : _ 

1    1 1 
1ZOO 

1 1 1 1 1 
too 

li. \ 1 1 

1C 

,1 

IOO 

- 1 1 Lx. 1 , 1 
9O0 

1 I    1 1 1 1 1 1 1 

8O0 

1 i 1 1 i I i 1 1 

7O0 
I i i 1 1 

c ! - \--r- "-. - - — ± --- -- •   . — =TT :-. r_ = .-—- •~   r- . - - ". - '—{-.£ — 
•" •h ̂ ^ i -F 

! i k> \ f^ 
- - -" - 

 rJ _^i—- 

\ i   ! A J / \ J 
\ 1    i J f t. 

X- F o ̂ } 
' (\ / ~i ~.~T. 

\ 
>v 

*^r 

1 VJ I I ; - : •=E --. ^ 
[/ \ ^ \f :H - -_: ~ -.1- \ - 

I 
I J \ - .---! :1~ •- -j- — ;    - 

!  i \ ~- —r. —"- z~: 

! "- ~. i:
1: .E - . -: —- - 

1 —:: 
.-H --V r'ä r:"- ; -- ^:-:' -.-. - - - 

•-"r -- :--. -i. ~- - r~ -^ ";" ... T-   "! 

1 
::•. :-:£ • P" :v- ." "- > •~ •"      ". .7L: fv. v> 

:„- 
.-".- 

.« :>""-. :"-.'H LJ! -'. - -. 
--• -•=: 

."_-. rz= ~ _^— ~- 
:;'i 

-£.-. :-- '— 
•-; F- r - -r- rf. L-: 

.._.. 

- - .r " 
^ -- - _   . !--. — —« ... - •    ; - : "_-:"- 

:_- ZL- /^ :7 ; rrE ir-1 .-'-_ ' — ~- 
-.--;• 

-- .'-- -     -• "--= ~• i- :_ o. B:;; 

"- : :-: — •_'. x= • 1 - -; = r- — •7-L-: 
:= 

.— :-.-. — — .- : _ E^ == ~ .-- = =E|L:- ~—. 
1 t .0 12.0 

Wave Length in Microns 

I J 



f-~ 
) 

BALLISTIC   RESEARCH   LABORATORIES 25 

1 1 i 
120 7 i 1 

1 

1 
IOC 

1, i, 1 i i 

1C oo 
1 i , 

\ 

1  . 

/Va 

1  i 

/e 

900 

1 

Nu 

1 

mb ers 

1   i 

in 

1 

cm 

i 

8O0 

1 1 ...!. 1 i 1 i   , 

700 
I t -i-, i I 

-- EE r -- r-_ = — r .-- :.-] • 
r-r •- 

•     : 

-  -  —   
-r 

_L^I 

'~ - — — 

-_~ zFz 
•     ' " .— - --• 

:    - __„ 

--- / 
  S* - -~_ r-F. "'.-'• 

_i • - ": 
I E ' . --. ̂ _ 

W) -— -7 -   ~ -E "-_-: .— r -_ (5 
~    : .— s-7 _-- '   .: ..-- -/'-- .- ; 

• 

-" EE / -. • — M -_' -.? '(F£. •_.-- 
-: .._ 

X 
: ~z E= :r" E- -.- -E 

.-.  d —- - .: • ~ .-— ••'-- 
- --1 -; -- -   : 

EE — Ü z-z fr-- :E' "   - "E -• .-- .-J 
EE •;-. F~ =5 :~ E- '_ ~ '   Z 

EE 
— :    ~ 

•- -_ :E ;;;• - 
~~ — : "rt T - ~ " 

_ 
LV; FFZ ~ ~ i~ '•fz ;~E EE --"" EE Er. -- - E_J r -J EJ 

. .7.'. .*   —   ^.-_ 
-- ITT; r _ z \rF -\; - • •'/" -" -_. —_ — — ~. ~~ -"" - ~E— r - 

EE EJ '"-"- E-- ; ' ZFFFZ ---. --_.: r-; . _-: x_- :^r - -   r — 

^ 
- — 

zzzz — 

[:_- 

i- " i [  
== 

— ~ =£ EE 

EE 

FF. = EE EE 

FF 

- •=j FF EE EE? 

  

-- 
FF FF 

fr\ E- EE ̂ 3 ̂ ~ 

==. 
EE = 

==: =- 

~r r~ 

EE 

\h 

w EE — ~         ' 

=E 
1= 

FF. FF '•FF F=t EE_ ' = 

~ET~ 

— — 
•-— 

zzzi 
— 

VE] 
— —-' :- = EE 

=^ 
EE EE 

EE EE r== 

= Ü EE ES 
:E= ==£ == FF 

:=r 

EE EE 
=E 

EE 
fe EE 

••Sf.-i'---;-? 

• r : 

i 1 
1200 

1     1 i i 
IOC 

1, 1. 1 i 1   i- 
tc 

1 I ' 1    • 1   , 1 
90O 

1 i   I I 1   i ! ! . 
8O0 

1 ! 1 .  t 1 1 1 i 

700 

1 I 1 i 1 
EE :   -.   

EE -.,-. Z=-~ - E= —z :=i z — --.- — 
"-• 

:.— I i - ' 
E- E - E- — ~- ----- p -- .;.- 
 .: :  :" : _-- -" E^ .; - —   

' -" F" z-. 

- F - 
- - --.': - F- —• '^-': zF~ - -:.; :-~ 

"- •- '- -'-- --" E~ .  - —: 
-. .-- "-- :-E ~- E --- 

'; -' 7F F 
_.__ 

'~F — — — —   " :r : ;:- -EE- EE EE -— 
-•'• E* 

r_ ~ -"- -- "Ez — :  v. FF_ -:. E-" --- :"\ '-E -irr' -~- 
-~— .. _ — _  _ — -E EE .-- .-.- -- /j -"- l y .EE \E: E-: S, E_ -( A) .v — p.-I - - 
zz~ r"_: EEE JTE~1 

FF E" F!Z -.E: ^: I- •- r-E EE FF. E -_= v .Fz .-.-. 

:-- -— 

N 
8 
i—i 

n 
I 
1 

•f-\ 
—- 

- --- -E- '•="- 

--.. 

EE 

EE 

r—. 
EE EE 

.—— 
r.~—• EE 

I 
|r- zzzz zzz __ E-~ —zz EE 

=-; -v_- 

= 

r^_ 

=— -1- 

Et 

ÜEE 

4E 

N 
-    E 

;-E 

-X- 
- - - 

-: 

.   " -r .; 

EE 
;E= 

EE 
=T 

EE 
— — 

EE EE 

zzzz 

•=. 

EE 

EE; EE 

^ 
^n 

zzz i -.—- 

E^ ̂ E 

-"- 

" EE r^ — —• 

- 
=J .  

-• 

:E -~ E - -   ; — E^ 

11.0 12.0 

Wave Length in Microns 



KZ*' '1 

26 BALLISTIC   RESEARCH   LABORATORIES 

Wave Numbers in cm 

! 
120O 

Ml! i    !    1 
too 

! ,! i i i 

IOOO 

,    !    :         ,    !    ,    1    •    I     ,     1 
900 

1            !      ,      1 

800 

:    i    •    i    ,    ; 1     , 1 1 
70O 

1 ) 1 | 

I    1 i !   II   r •!ii! :      i      i      i 
*      '      '      t 

till '    +1   i !    !    1    ! 
'       '       1       • 

:     i     i 
!      !      i !     1     :     '. 

}    •    •    • ;    ,    '    ; :     1     i     i Mill MM :      i     .     ; 

!       :   : 1    :    •    ; • • '/^A IM  ! :      i      i      ! Ff*n 
i 1   ! •11' 1      \fvF~- •   '• \i   i i J<X~\ 1 
j 1   ! Mirt I /! I ; :            \ ! yf II   i t\ 

It!   i !   !   i/i  ' h / i    | '          \J   ' i    i    i    A y l i M l\! 
-- 1      ;      1      i i     i     1     i\ / i   i   1   ! .  !   M 

W\ r V/Ml / i     !     : ;     1     : !     ;     i     :, i   1   *   I. - i   1 
!   / \!/ ! y  ; V i   !   i :     :     I     i .       ;       :       j 

i     : X "- --" ~ •   1      !      1 
u-   i     :     : 

•    j 

^ 
M   ! •    !    ' :      :     |     i i     i     !     i i    i   ""• J i     | 

:      ', 
II V   M   ! •     M     ! •      i      :     ! i    ; { •     i     i" - 

V i i   '   1   S 1   t   ; !       *                • till j i      t 
1     •     t 

:       1       j 

1   !   !   | S      t      :      : MM !:   i  '!   I-" t - :::i i- i 

i      •      '.      '. i   :   S   i :      ;      ;      : :     i     i     : i   i   i   I * -1      L-   : -  1- - 
•        •        : '   •   i   i • 

:     i     :     ! i      :      : M     j     j 1    !    !    1 • {             1 =•-? , ~M --; :-_". 

!   >   '   i ;        i        '        . '.           '.           I •    i    i | 
I 

; ; ;: 1   - f 
- i 

- -MM !     i     1     : 1     !     .     i :   !   !   i i     !     I     j i-   1-  I - -f 
:4   -. 

t 

1 

4. 
! 

—i_ 
i 

:     i     :     i -^f 
i- -q     i -~~\.    i U=ff- 

:4P 
--~i 

—: 

- -1 
-' r1 - 
r -|M ̂ h -- 

I2CO HOC 
1 

i . _ 
IOOO 

i , t I 
90C 

1 i   : i       ! 1 

800 
i 1 

700 

! 1 t 

MM M    || i I M^ 
1 t li:: 1      i 

i     i     i     i i    M    1 j 1 
i i     i 

i 
i     i     1     i !      1 E(i3) 

i     1           1 :     i     s     ! 
:     i     !     i i_^ i~"~! !      I   ~~,  !       ' 1 

i    i !     i     i     ; i / 
j 1 i : 1 

I    i MI! / i Mi! 
!     .1 
• 

t       t 
;      i      i      { 1 j ! :     1 

1 
i 

IM! 

- 
i    i    j   r x /  1 i    | i 

\i ••    •    j  / I i\   j 
, |     1 1 j 

- — 4 — ; MI M/ I | ! i 
Mi ;  i| i u 1     j 

| | j 
i 

— !   !   Li I   I  i - t       !       • ( 

'       !       t       i \/ i       1   II 
* 

•    i    ;    i M 1- 
:!   ;   1. - •A / i i !       ! i 

i -- 
1         i         j         '       - 
;     ;     i     : JV 

i«: .   |   . ! 
rr_r - I -r! "- .---: ~--\~i .--•. 

: '-- :_r: ' " : 

• i i r r zte i ••   j Mil -£'; .[-.: :.-_:f 

i   !   !   ! _ i 
i 

i M 
- 

'     i     1     i \ fi~\L. MM   i | i I    ' •;j   .. 
.          f          ;          ; i    j    ! I i •      | '     •     : 

i     1    !    1 !          :     ;   - M -4 M -£i; r - _;.'. 3P 
:     M    i 1   i   i   i L4 i   !-' — i - :M -"~ " ----. ̂ ?M •=rr — -- P - {'-- : ' -- —:- -  1 - ""    ' 

1 1.0 ! 2.0 

Wave Length in  Microns 



a 

BALLISTIC   RESEARCH   LABORATORIES 27 

Wave Numbers in cm 
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Wave Numbers in- cm 
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Wave Numbers in cm 
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Wave Numbers in cm 
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Wave Numbers in cm 
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Wave Numbers in cm 
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Wave Numbers In cm 
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Wave Numbers in cm 
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Wave Numbers in cm 
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Wave Numbers in cm 
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Wave Numbers in cm 
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Wave Numbers in cm 
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War» Numbers in cm 
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Wave Numbers in cm 
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Wave Numbers in cm 
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